Abstract
Introduction
The delays of circuits manufactured in deep sub-micron technologies are dominated by interconnect delays. Additionally, wires tend to be tall and narrow, which implies that coupling capacitances dominate wire capacitances to ground. These effects make the coupling noise delays significant. Estimating the effect of coupling noise on delay is difficult, even for a single logic stage. Efficient computation of delay change due to coupling noises is therefore of interest. Fig. 1 (a) shows one stage of logic. Each wire is driven by a buffer, and connects to the driver of the next stage. There are self capacitances between wires and the ground below them, and coupling capacitances between any two adjacent wires.
When one wire is switching, its voltage level changes, thus the amount of electric charge accumulated on the coupling capacitance also changes. The amount of electrical charge change corresponds to the change of the adjacent wire's voltage level, constituting the coupling noise. Usually we call the wire which induces the coupling noise, the aggressor, and the wire which is subject to it, the victim. The coupling noise on the quiet victim will be referred to as the static noise. For example, in Fig. 1(b) , the middle waveform on the victim wire is the static coupling noise waveform.
When the victim and aggressors are switching, the coupling noise affects the victim transition waveform, and thus changes the victim's transition delay. For example, in Fig. 2(a) , the victim is falling while the aggressor is rising.
The victim drain current Á is discharging the victim wire, while the aggressor is depositing more charge on it. Therefore the aggressor slows down the rate of the victim's wire charge reduction, and also slows down the drop rate of the victim's drain voltage. In Fig. 2(b) , we show the waveform of the victim drain voltage Î . We measure the wire delay lay increase due to capacitive coupling by the waveformbased superposition [3] . This method consists of three steps. ½¼¼ Ñ-length wires fully coupled at minimum spacing in ¼ÒÑ-technology. The aggressor driver size is four times the minimum-size victim driver. The aggressor has a rising transition while the victim has a falling transition. AE ½ and Î waveforms in Fig. 4 are determined by SPICE for the conditions illustrated in Fig. 3 . Ï ¾ is the SPICE-obtained victim transition waveform when the aggressor is switching.
We define the dynamic noise waveform AE ¾ as the waveform the aggressor induces on the switching victim. The dynamic noise waveform can be viewed as a difference between the waveforms Ï ¾ and Î . The amount of slowdown estimated from the superposition method is the delay difference between Î and Ï ½ , which is ¿ Ô× in this particular case. However, the actual slowdown is ½½¾Ô×, which is the delay difference between Î and Ï ¾ . This is because AE ½ underestimates the dynamic noise waveform AE ¾ . In order to benefit from the simple analysis structure of the superposition method, we propose a method of synthesizing the dynamic noise waveform AE ¾ . When there are multiple adjacent aggressors switching in the opposite direction to the victim, then the joint slowdown needs to be considered. The conventional method estimates the maximum joint slowdown by directly adding up the maximum slowdowns of all aggressors. This is shown by Sasaki et al. [5] to be an overestimation. Sasaki et al. have developed a relative window analysis method, which excludes unrealizable cases when the victim needs to switch at different times to suffer from the maximum slowdown of each aggressor. They determine each aggressor's slowdown with respect to the victim signal arrival time, and add the slowdowns. The slowdown is considered as a function of the victim signal arrival time.
In some cases, directly adding up each aggressor's slowdown results in error. See for example, Fig. 5 A different approach has been proposed in [2] , where the authors address the aggressor alignment problem for the worst case delay and use it in transistor-level simulation engine.
The paper is organized as follows. In Section 2 we analyze and model the dynamic noise AE ¾ . In Section 3 we propose a methodology to synthesize the dynamic noise waveform. In Section 4 we present the experimental results. We conclude this paper in Section 5.
The Dynamic Noise Waveform AE ¾
We represent the delay slowdown by , the skew between the victim and aggressor by , and the absolute time by Ø. The waveform of the dynamic noise AE ¾ , which is imposed by an aggressor on a transiting victim, is plotted in Fig. 6 . The aggressor skew is swept from ¼ Ò× to ¼ Ò×.
In Fig. 6 we also show the victim transition waveform for reference. The dynamic noise amplitude and width depend on aggressor skew. The circuit we consider consists of two fully coupled ½¼¼ Ñ metal wires with minimum spacing, and the aggressor driver size is four times the minimum size of the victim. The feature size is ¼ÒÑ.
When we shift the noise by the amount of its aggressor skew, as in Fig. 7 , we observe that the dynamic noise waveforms AE ¾ are all of greater size in terms of the amplitude and width than AE ½ , and all the AE ¾ waveforms with positive skew have similar shapes. Moreover, the size of AE ¾ waveform approaches that of AE ½ as the aggressor skew approaches positive or negative infinity.
To investigate the reason that the size of AE ¾ is greater than that of AE ½ , we look at the victim transition trajectory, the victim drain current Á as a function of the victim drain When the AE ½ noise is generated, the victim doesn't switch, and the victim gate terminal is fixed at Î . The noise changes the drain voltage, and because the victim nMOS is in its linear region, the drain voltage Î linearly corresponds to the drain current Á . Therefore, we can substitute the nMOS by an equivalent resistance corresponding to the Î Á slope. This is the reason that we can substitute the non-switching transistors by their equivalent resistance and still maintain high accuracy.
However, when the victim and the aggressor are both switching, the victim transition trajectory is very close to the trajectory of the Î waveform, in which case the aggressor doesn't switch. When the transition delay is calculated, only the portion of the victim transition waveform which is above ¼ Î is of interest. For that portion of waveform, the victim drain voltage is always greater than ¼ Î , which means that the victim nMOS is in its saturation region. That is to say, when the victim is switching and the noise is present, the victim's nMOS acts more like a vary- ing current source than a resistance. However, this varying current source is a function of Î and of the noise arrival time. Therefore, the value of the current source needs to be calculated according to the dynamic noise magnitude and noise arrival time. This process is very time-consuming and thus infeasible. To model the dynamic noise waveform AE ¾ accurately we need a different approach.
Synthesizing the Dynamic Noise
Here we assume that the dynamic noise waveform caused by one aggressor is independent from other aggressors. Therefore we can compute independently dynamic noise waveforms caused by each aggressor on the victim. Then we add up the noises and the victim transition waveform applying superposition and estimate the slowdown.
Sensitive Region
The Sensitive Region is the range of aggressor skew over which the coupling noise affects the victim's transition. It is calculated from the range of the static coupling noise and the range of the victim transition. We define the range of static noise as the absolute time over which its amplitude is greater than ½¼± of the peak amplitude. Further, the range of the victim transition waveform is defined as the time when the transition waveform has amplitude between ¼± and ½¼± of Î (assuming victim has voltage swing Î ). The range of the noise is Ø ½ Ø ¾ , and the range of the transition is Ø ¿ Ø , where Ø ½ Ø ¾ and Ø ¿ Ø . Please note that there is no constraint between Ø ½ Ø ¾ and Ø ¿ Ø .
The sensitive region is then ½ ¾ , where ½ Ø ¿ Ø ¾ and ¾ Ø Ø ½ . When the skew is less than Ø ¿ Ø ¾ , the noise range is earlier than Ø ½ · Ø ¿ Ø ¾ Ø ¾ · Ø ¿ Ø ¾ Ø ¿ ´Ø ¾ Ø ½ µ Ø ¿ , and the noise doesn't affect the victim transition. Similarly, if the skew is greater than Ø Ø ½ , then the noise range is later than Ø ; thus the noise cannot affect the victim transition either.
Dynamic Noise Ratio
When the aggressor switches in the sensitive region, the dynamic coupling noise AE ¾ is different from the static noise AE ½ . To characterize the AE ¾ waveform efficiently, we assume that the AE ¾ waveform is geometrically similar to the static noise waveform AE ½ . Therefore as long as we can find the dynamic noise ratio of AE ¾ over AE ½ , we can determine the AE ¾ waveform by simply scaling the AE ½ waveform by the ratio .
Maximum Dynamic Noise Amplitude
We define ½ as the maximum slowdown caused by the static noise AE ½ , and ¾ as the maximum slowdown caused by dynamic noise. Ñ Ü´AE ½ µ and Ñ Ü´AE ¾ µ are the maximum noise amplitudes of noise AE ½ and AE ¾ . We assume that the maximum slowdown caused by the dynamic (static) noise is proportional to the maximum amplitude of the dynamic (static) noise. That is to say
The maximum slowdown caused by dynamic noise ¾ will be evaluated below. Therefore the maximum amplitude of the dynamic noise, Ñ Ü´AE ¾ µ, can be calculated from (1).
Claim.
When the aggressor's voltage is rising and the victim's is falling, the maximum slowdown ¾ is Î Á Ñ , where Á Ñ is the victim drain current Á when the victim is biased at Î ¼ Î , Î Î . When the aggressor skew is within the sensitive region, the dynamic noise ratio is a function of aggressor skew . The maximum value of ´ µ is given in Section 3.3.
To simplify the analysis, we assume that ´ µ is a triangular function. To find the value of the skew over which Ñ Ü´ µ occurs is not trivial. For now, to keep the analysis simple, we assume that Ñ Ü´ µ is at Ñ , which is the skew at which the static noise AE ½ causes the maximum slowdown of the victim transition (Fig. 9) . When multiple aggressors induce noises onto the victim, we synthesize each dynamic noise waveform by scaling each static noise waveform according to ´ µ. Then we superpose the dynamic noise waveforms onto the victim transition waveform and obtain the composite noise waveform. The slowdown is calculated from the composite waveform.
Experimental Results
The first experiment is for two ½¼¼ Ñ metal wires fully coupled, similarly to those in the previous examples. Fig. 10(a) shows the results when the aggressor driver size is minimal, the same as the victim's. In this case, our method overestimates the slowdown. However, when the aggressor size is three times that of the victim, as in Fig. 10(b) , the actual maximum slowdown (½½ Ô×) is very close to the estimated (½¾ Ô×) slowdown. Fig. 11 shows slowdown as functions of the victim input transition time. We observe that our method overestimates the slowdown when the aggressor driver size is minimal, the same as the victim's in Fig. 11(a) . When the aggressor driver is three times that of the minimum-size victim driver in Fig. 11(b) , our method provides a good approximation of SPICE simulation results. The second experiment is for three ½¼¼ Ñ metal wires coupled on full length, with the victim in the center and two adjacent aggressor wires. With the first aggressor switching at zero skew, we can see the skew-slowdown relationship of the second aggressor. In Fig. 12(a) , the two aggressors are the same size as the victim; our method overestimates the slowdown. However, in Fig. 12(b) , when the aggressor driver size is three times that of the victim, our method can estimate the slowdown very accurately. The slowdown is also a function of wire length. Let two wires of the same length be capacitively coupled, and the aggressor skew be zero. The length-slowdown relationship is shown in Fig. 13 . In Fig. 13 (a) the aggressor driver size is the same as that of the victim. We observe that our method as before overestimates the slowdown. However, when the aggressor size is three times that of the victim, as in Fig. 13(b) , our method fits the SPICE simulation very well. 
